In this paper, a comprehensive computational fluid dynamics model was built to study the heat transfer of coal in the Heat-Carrier-Free Regenerative Rotating Bed (HRRB). In comparison to the experimental data in the pilot scale HRRB, the model gave a satisfied prediction and was further extended to study the flow field and temperature distribution in the industrial HRRB. The effect of heating conditions on the temperature distribution of coal was also obtained. The results indicated a promising way to improve the output of upgraded coal in the industrial HRRB.
Introduction
Regenerative High Temperature Air Combustion technology, which is featured with substantially recover the physical heat of exhausted flue gas and highly preheated the combustion air, has been reported to provide significant reduction in energy consumption (up to 60%), downsizing of the equipment (about 30%) and lower emissions (about 30%) [1] . Based on it, the Heat-carrier-free Regenerative Rotating Bed (HRRB) converts low rank coal into the high quality upgraded coal and transforms the volatile matter from the coal into the high caloric value of product gas, which is regarded as one of the promising efficient coal pyrolysis technologies [2] [3] .
In the present study, the Computational Fluid Dynamics (CFD) technology was employed to investigate the heat transfer behaviors in the pilot scale and industrial HRRB. Meanwhile, the effect of the heating conditions of the heating sources on the temperature distribution of the coal charge was investigated. This study is to provide a wide range of information on future studies and optimization in the HRRB.
Physical Models
The HRRB system contains two parts, as shown in Figure 1 , one part is the combustion chamber where the flue gas combusts with air and releases the reaction heat. The other part is the carbonization chamber where the coal pyrolysis process occurs. Further, the carbonization chamber can be divided into five zones: feeding zone, preheating zone, first reaction zone, second reaction zone and discharging zone. Figure 2 shows the configuration and dimensions of computational domains in the pilot scale and industrial HRRB. 
Mathematical models

Coal devolatilization model
In this study, the single step model was employed for modelling the evolution of volatile matters from coal during the pyrolysis process:
(1) The rate of mass loss with temperature can be expressed by
(2) where V and V* represent the mass of volatile matter evolved from the coal at specific time t and the total volatile content of the coal, respectively. A 0 is the pre-exponential factor and E 0 is the apparent activation energy, the values of two parameters are 114 s −1 and 7.44 × 10 4 J mol −1 , respectively [4] .
Conservation equation
The general conservation equation can be typically represented by the following form:
Where Φ, Γ and S are the generalized variable, diffusion coefficient, and source term, respectively. These variables have appropriate values in the different conservation equations and the details can be found in the literature [5] .
Numerical Algorithm
Differential equations mentioned in section 3 were discretized by a second order upwind differencing scheme and solved by a finite volume method in the ANSYS FLUENT 12.1. The coal devolatilizaiton models were specified by user-defined function written in the C programming language and compiled to the FLUENT solver. The normalized absolute residuals for all of the variables in each cell were limited to be less than 10 -3 .
Results and Discussions
Grid Independency and Verification
The independence of the grid size on the simulated results has been investigated. Table 1 presents the prediction of temperature values at the measuring points, as shown in Figure 2 , for three grid sizes in the pilot scale HRRB. The temperature value obtained using medium and fine mesh cases were very close to each other, and the calculated time of medium case was half of that of the fine case. Therefore, the medium grid size was employed in the simulation. The comparison of the experimental value of temperature to the simulated value using 186,720-grid system is also listed in Table 3 . The percentage error in temperature for two values is within 5%, which indicated that the established heat transfer model in this study is accurate and can be applied to study the heat transfer behavior in the industrial HRRB. 
Characteristic of the industrial HRRB
After mesh independent analysis, 1,148,532 grids are applied in the industrial HRRB. Figure 3 shows the relative velocity of coal charge in the industrial HRRB. The coal was charged into the bed by the scraper and moved from the preheat zone to the reaction zone in turns. Nonetheless, the coal is in stationary condition without rolling and compressing free in the thin layer of the material, which can obtain good quality, large lump of upgraded coal and cannot bring the impurities to the downstream processes. Figures 4-5 show the radial and axial temperature distributions of coal charge in the industrial HRRB respectively. It can be noticed that the temperature of coal gradually increased from the preheat zone to the reaction zone. When the coal was charged into the bed, the surface of coal charge first obtained the heat from the unilateral heating source, and then the heat gradually transferred from the surface to the bottom. The thermal conductivity of coal is so poor that the axial temperature gradient can be found evidently. The uniform axial temperature distribution in the second reaction zone can be found in Figure 5 (d) and the average temperature of the coal charge is more than 823K. Figure 6 shows the temperature distributions of coal charge under the three heating conditions. The temperature under the bilateral heating condition is significantly higher than that under unilateral heating condition. The maldistribution of temperature in the bilateral heating condition is attributed to the thickness of piled coal. Owing to the 823K coke oven gas flowed through the coal charge, the uniform temperature distribution can be found in the forced convection heating condition. The temperature gradually increased with the increase of residence time. Under the forced convection, the heating rate is fastest due to the combined effect of radiation and convection, especially closer to the feeding zone. From the Figure 7 , the time to obtain the targeted upgraded coal under three heating conditions is 72, 44 and 39 min, respectively. It indicated that the output of upgraded coal has the potential to be improved under the bilateral and forced convection heating conditions. 
Effects of the heating conditions
Conclusion
The CFD study of the Heat-Carrier-Free Regenerative Rotating Bed (HRRB) employing the effective heat conduction model was developed in this study. Comparison of predicted temperature distribution in the pilot scale HRRB with the experimental data indicated established heat transfer model in this study was accurate. On this basis, the relative velocity and temperature distributions of coal in the industrial HRRB showed that the large lump and good quality of upgraded coal can be obtained. The effect of unilateral, bilateral and forced convection heating conditions on the heat transfer of coal charge was also investigated. The results showed the heating condition has a great influence on the heating rate of coal charge, which indicates a potential way to improve the output of the upgraded coal.
